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INTRODUCTION 

T h i s  p r e s e n t a t i o n  g i ves  a b r i e f  i n t r o d u c t i o n  t o  t h e  n o n l i n e a r  f i n i t e  e l e -  
ment programs developed a t  Lawrence L ivermore  Na t iona l  Labora to ry  by t h e  
Methods Development Group i n  t h e  Mechanical Eng ineer ing  Department. The f o u r  
programs a r e  DYNA3D and DYNAZD, which a r e  e x p l i c i t  hydrocodes, and NIKE3D and 
NIKEZD, which a r e  i m p l i c i t  programs. A l l  of these programs were o r i g i n a l l y  
developed by John H a l l q u i s t  i n  a s s o c i a t i o n  w i t h  David Benson. 

T h i s  p r e s e n t a t i o n  concent ra tes  on DYNA3D w i t h  as ides about t h e  o t h e r  p ro -  
grams. D u r i n g  t h e  pas t  y e a r  severa l  new fea tures  were added t o  DYNA3D, and 
major  improvements were made i n  t h e  computat ional  e f f i c i e n c y  o f  t h e  s h e l l  and 
beam elements. Most o f  these new fea tu res  and improvements w i l l  e v e n t u a l l y  
make t h e i r  way i n t o  t h e  o t h e r  programs. 
has no t  been re leased y e t ,  i t  should be a v a i l a b l e  w e l l  be fore  t h e  end o f  t h e  
year .  

A l though t h e  l a t e s t  v e r s i o n  o f  DYNA3D 

The emphasis i n  our  computat ional  mechanics e f f o r t  has always been, and 
cont inues  t o  be, e f f i c i e n c y .  A l though t h e  supercomputers of today  a r e  a lmost  
u n b e l i e v a b l y  f a s t ,  a l a r g e  n o n l i n e a r  f i n i t e  element a n a l y s i s  i s  s t i l l  supe- 
r i o r .  To ge t  t h e  most ou t  o f  our  Cray supercomputers, we have v e c t o r i z e d  t h e  
programs as much as poss ib le .  V e c t o r i z a t i o n  i s  n o t  enough, however, so we 
must always cons ide r  t h e  e f f i c i e n c y  o f  every a l g o r i t h m  we implement. The ne t  
r e s u l t  o f  our  e f f i c i e n c y  c r i t e r i o n  i s  we a r e  r e s t r i c t e d  t o  o n l y  t h e  s i m p l e s t  
elements and a lgo r i t hms .  A l l  o f  our  elements have l i n e a r  shape func t i ons .  We 
use r a d i a l  r e t u r n  i n s t e a d  o f  a subincrementa l  method f o r  our  p l a s t i c i t y  c a l -  
c u l a t i o n s .  Our e x p l i c i t  codes use o n l y  reduced i n t e g r a t i o n  w i t h  v iscous  hour-  
g l a s s  c o n t r o l .  
convergence. 

Our i m p l i c i t  programs use quasi-Newton methods t o  speed 

I n  t h e  remainder o f  t h e  p resen ta t i on ,  seve ra l  o f  t h e  more i n t e r e s t i n g  
c a p a b i l i t i e s  o f  DYNA3D w i l l  be descr ibed and t h e i r  impact on e f f i c i e n c y  w i l l  
be discussed. Some o f  t h e  recent  work on NIKE3D and N I K E i l O  w i l l  a l s o  be pre-  
sented. I n  t h e  b e l i e f  t h a t  a s i n g l e  example i s  wor th  a thousand equat ions,  we 
a r e  s k i p p i n g  t h e  t h e o r y  e n t i r e l y  and go ing  d i r e c t l y  t o  t h e  examples. 

*Work performed under t h e  auspices o f  t h e  U.S. Department o f  Energy 
by t h e  Lawrence L i  vermore Na t iona l  Labora tory  under c o n t r a c t  number 
W-7405-Eng-48. 



ELEMENTS 

DYNA3D has t h r e e  elements: an e i g h t  node hexahedron, a f o u r  node s h e l l  
and a two node beam. The s h e l l  and beam elements a r e  based on t h e  formula- 
t i o n s  o f  Hughes and L i u  ( r e f .  1 ) .  A l l  o f  t h e  elements except t h e  beam use 
reduced i n t e g r a t i o n  w i t h  v iscous hourg lass c o n t r o l .  Large s t r a i n s  and l a r g e  
deformat ions are  assumed f o r  a l l  of t h e  elements. On t h e  Cray-1, t h e  elements 
r e q u i r e  about t h i r t y - f i v e  microseconds per  i n t e g r a t i o n  p o i n t  f o r  a s imple con- 
s t i t u t i v e  model, such as t h e  s tandard J2 p l a s t i c i t y  model w i t h  i s o t r o p i c  and 
k inemat ic  hardening. The s h e l l  and beam models were o n l y  r e c e n t l y  vec tor ized .  
The o r i  g i  na l  imp1 ementat i on of t h e  she? 1 element requ i  red 16000 microseconds 
per  element, which made i t  unusable. V e c t o r i z a t i o n  a lone does no t  account f o r  
t h e  dramat ic  inc rease i n  t h e  speed o f  t h e  s h e l l  element. 

Suzuki p rov ided us w i t h  t h e  s t r u c t u r a l  da ta  f o r  a frame member 
chass is  a long w i t h  t h e i r  exper imenta l  r e s u l t s  f rom a 30km/hr impact 
b a r r i e r .  

o f  a c a r  
i n t o  a 

Our s i m u l a t i o n  o f  t h e i r  experiment used a mesh of 1600 s h e l l  e emonts. 
The frame member i s  t i e d  a t  each end t o  a r i g i d  body. 
sents  t h e  b a r r i e r ,  and t h e  o t h e r  represents  t h e  s l e d  which prov ided t h e  
momentum t o  crush t h e  frame. 
w i t h  i s o t r o p i c ,  l i n e a r  s t r a i n  hardening. U n f o r t u n a t e l y ,  t h e  exper imenta l  
s t r e s s - s t r a i n  da ta  i n d i c a t e  t h a t  t h e  m a t e r i a l  does n o t  s t r a i n  harden l i n e a r l y ,  
and we b e l i e v e  t h a t  much o f  t h e  e r r o r  we see i n  our s i m u l a t i o n  i s  t h e  r e s u l t  
o f  t h e  l i n e a r  s t r a i n  hardening. We a r e  going t o  modi fy  t h e  m a t e r i a l  model t o  
t a k e  i n t o  account t h e  n o n l i n e a r i t y  and r e r u n  t h e  a n a l y s i s  i n  t h e  near f u t u r e .  

One r i g i d  bo y reqre-  

The c o n s t i t u t i v e  model i s  t h e  usual J2  model 

The experiment l a s t s  t h i r t y - f i v e  m i l l i s e c o n d s .  On t h e  Cray-XMP/48, 
DYNA3D uses a l i t t l e  over f o u r  hours o f  CPU t o  s i m u l a t e  t h e  e n t i r e  event. The 
peak d e c e l e r a t i o n ,  an impor tan t  number t o  chass is  des igners,  which occurs a t  
o n l y  f i v e  m i l l i s e c o n d s ,  can be c a l c u l a t e d  i n  l e s s  than h a l f  an hour o f  CPU. 

The r e s u l t s  o f  our  a n a l y s i s  matched t h e  peak d e c e l e r a t i o n  almost e x a c t l y ,  
b u t  t h e  d u r a t i o n  o f  t h e  peak was t o o  shor t .  We b e l i e v e  t h a t  t h e  d iscrepancy 
was caused by e i t h e r  t h e  p r e v i o u s l y  mentioned simp1 i f i c a t i o n  of t h e  m a t e r i a l  
model o r  t h e  2000Hz f i l t e r  t h a t  Suzuki used on t h e i r  data. 

Based on good accuracy o f  our r e s u l t s  and t h e i r  reasonable cost ,  we 
b e l i e v e  t h a t  f i n i t e  element a n a l y s i s  should no l o n g e r  be regarded as s t r i c t l y  
a research t o o l  i n  crashworth iness design, b u t  as a t o o l  f o r  t h e  des igner .  

CONTACT, IMPACT, AND F R I C T I O N  

The c o n t a c t  and impact a l g o r i t h m s  have l o n g  been among t h e  s t r o n g e s t  
p o i n t s  o f  DYNA3D. The p e n a l t y  approach i s  used i n  bo th  t h e  two and t h r e e  
dimensional  vers ions  o f  DYNA. A d i s t r i b u t e d  parameter approach i s  a l s o  
a v a i l a b l e  i n  DYNA2D based on t h e  a l g o r i t h m s  developed by o thers  f o r  HEMP, 
TENSOR, and TOODY. Aside f rom t h e  obvious s i m p l i c i t y  of t h e  p e n a l t y  approach 
i n  comparison w i t h  t h e  d i s t r i b u t e d  parameter approach, t h e  major advantages o f  
t h e  p e n a l t y  method a r e  t h a t  i t  i s  symmetric and t h a t  i t  does n o t  e x c i t e  hour-  
g l a s s i n g  modes as much as t h e  d i s t r i b u t e d  parameter approaches. 
s t i f f n e s s  f o r  t h e  p e n a l t y  method i s  a u t o m a t i c a l l y  c a l c u l a t e d  based on t h e  

The s u r f a c e  
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m a t e r i a l  p r o p e r t i e s ,  i n s t e a d  o f  be ing i n p u t  by t h e  user, which we b e l i e v e  
accounts f o r  t h e  e x c e l l e n t  r e l i a b i l i t y  o f  t h e  method. 

We have two fundamental l y  d i f f e r e n t  a1 g o r i  thms f o r  s u r f a c e  contact .  The 
o r i g i n a l  one assumes t h e r e  a r e  two d i f f e r e n t  sur faces which may come i n t o  con- 
t a c t .  
t h i s  approach i s  a sur face  cannot buck le  and c o l l a p s e  onto i t s e l f .  Our second 
method e l i m i n a t e s  t h i s  problem, b u t  i t  i s  s lower.  Most o f  t h e  CPU t i m e  i n  t h e  
a l g o r i t h m s  i s  used i n  t h e  search f o r  t h e  reg ions i n  contac t ,  and we have n o t  
been a b l e  t o  v e c t o r i z e  t h i s  s e c t i o n  o f  code t o  any s i g n i f i c a n t  e x t e n t .  

The Coulomb f r i c t i o n  model blends t h e  t r a n s i t i o n  f rom t h e  s t a t i c  t o  t h e  
dynamic c o e f f i c i e n t  o f  , f r i c t i o n  w i t h  an exponent ia l  decay based on t h e  r e l a -  
t i v e  v e l o c i t i e s  o f  t h e  c o n t a c t  sur faces.  Several c a l c u l a t i o n s  performed w i t h  
DYNAZD show good agreement w i t h  exper imental  r e s u l t s  u s i n g  t h i s  model. 

They are  des ignated t h e  master and s l a v e  sur faces.  The l i m i t a t i o n  t o  

EXAMPLE: Metal forming 

nor  axisymmetr ic,  and t h e r e f o r e  had t o  be analyzed i n  t h r e e  dimensions. 
c y l i n d r i c a l  b lank  o f  304L s t a i n l e s s  s t e e l  i s  h i g h  energy r a t e  fo rged (HERF) 
a t  1850F w i t h  shearbanding r e s u l t i n g  i n  one plane. The i n i t i a l  v e l o c i t y  of 
t h e  ram i s  600cm/sec. 

-- 
Shearbanding was s t u d i e d  i n  t h i s  ana lys is .  The problem i s  n e i t h e r  p l a n a r  

A 

The d i e  i s  modeled as a r i g i d  body i n  t h e  a n a l y s i s  so t h a t  a very f i n e  
mesh can be used t o  d e f i n e  t h e  curved surfaces o f  t h e  d i e  w i t h o u t  i n c u r r i n g  a 
computat ional  p e n a l t y  f rom e i t h e r  t h e  l a r g e  number o f  elements o r  t h e  Courant 
s t a b i l i t y  l i m i t  on t h e  i n t e g r a t i o n  t i m e  step. The ram i s  a l s o  modeled as a 
r i g i d  body w i t h  enough mass t o  g i v e  i t  t h e  proper  momentum. 
b lank was modeled w i t h  J2 e l a s t o p l a s t i c i t y .  

t h e  w a l l s  o f  t h e  d ie .  Shearbanding on ly  occurred when f r i c t i o n  was inc luded.  
The contours o f  p l a s t i c  s t r a i n  c o r r e l a t e  q u i t e  w e l l  i n  a q u a l i t a t i v e  way w i t h  
t h e  shearbands of t h e  ac id-etched f o r g i n g .  

The c y l i n d r i c a l  

The a n a l y s i s  was run bo th  w i t h  and w i t h o u t  f r i c t i o n  between t h e  b lank and 

Roughly 5 CPU hours on t h e  Cray-1 were needed f o r  t h e  c a l c u l a t i o n .  
Higher  ram v e l o c i t i e s  would r e q u i r e  p r o p o r t i o n a l l y  less CPU t ime,  and lower  
v e l o c i t i e s  would r e q u i r e  longer .  

EXAMPLE: Pipe whip 

The damage caused by one p i p e  h i t t i n g  another i s  an area o f  i n t e r e s t  t o  
t h e  nuc lear  power i n d u s t r y .  
w i t h  another  s e c t i o n  o f  p i p e  f i x e d  r i g i d l y  a t  bo th  ends. T h i s  model uses s h e l l  
elements w i t h  t h e  two sur face  contac t  a lgor i thm.  It runs i n  o n l y  f o u r  minutes 
on t h e  Cray-1. 

I n  t h i s  example, a f r e e  segment o f  p i p e  c o l l i d e s  

EXAMPLE: Axial buckling -- o f  a cylinder 
--I_-- 

T h i s  example demonstrates t h e  use o f  our  s i n g l e  sur face  contac t  a l g o r i t h m  
f o r  problems w i t h  buck l ing .  
c y l i n d e r  w i l l  f o l d  and t h e r e f o r e  cannot d i v i d e  t h e  sur face  i n t o  a s e r i e s  of 
master and s l a v e  segments. 

The a n a l y s t  does n o t  know a p r i o r i  whzre t h e  

Two contac t  sur faces were def ined,  one being t h e  
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e x t e r i o r  sur face,  t h e  o ther ,  t h e  i n t e r i o r  exper ience. The l e n g t h  o f  t h e  
c y l i n d e r  i s  440mm, t h e  d iameter  i s  100mm, and t h e  w a l l  th ickness  i s  1.5mm. 
The mesh c o n s i s t s  o f  1980 s h e l l  elements w i t h  f i v e  i n t e g r a t i o n  p o i n t s  through 
t h e  th ickness .  A l i t t l e  under t h i r t e e n  CPU hours on t h e  Cray were used i n  
t h i s  ana lys is ,  most o f  which was used i n  t h e  contac t  r o u t i n e .  

RIGID-BODY DYNAMICS .- -- 
A recent  a d d i t i o n  t o  DYNA3D i s  m a t e r i a l  t y p e  number 20, t h e  r i g i d - b o d y  

m a t e r i a l .  I n  many crash analyses, t h e  p l a s t i c  deformat ion i s  l o c a l i z e d  t o  a 
r a t h e r  smal l  reg ion,  b u t  t h e  e n t i r e  s t r u c t u r e  must be modeled i n  o r d e r  t o  
i n c l u d e  t h e  c o r r e c t  amount o f  momentum and i n e r t i a  i n  t h e  c a l c u l a t i o n .  To 
reduce t h e  cos t  of such a c a l c u l a t i o n ,  we rep lace  t h e  reg ions f a r  f rom t h e  
impact w i t h  r i g i d  bodies.  R i g i d  bodies cos t  o n l y  one microsecond per  zone, 
which, when compared t o  a c o n s t i t u t i v e  eva lua t ion ,  i s  almost f ree .  
t h a t  a r i g i d  body i s  d e f i n e d  by a m a t e r i a l  t y p e  makes t h i s  f e a t u r e  almost 
t ransparent  t o  t h e  a n a l y s t .  
s w i t c h i n g  them t o  m a t e r i a l  t y p e  20. Several  m a t e r i a l s  a r e  e a s i l y  merged i n t o  
a s i n g l e  body by adding merge cards t o  t h e  da ta  f i l e .  A l l  o f  t h e  contac t  
a l g o r i t h m s  and most o f  t h e  boundary c o n d i t i o n s  worked w i t h  r i g i d  bodies w i t h  
o n l y  minor changes t o  t h e  code. 
d i t i o n s ,  we have implemented j o i n t  c o n s t r a i n t s .  DYNA3D i s  probably  t h e  o n l y  
hydrocode t h a t  has u n i v e r s a l  and b a l l  j o i n t  models i n  it. 

The f a c t  

Regions o f  a s t r u c t u r e  a r e  e a s i l y  f rozen by 

I n  a d d i t i o n  t o  t h e  s tandard boundary con- 

EXAMPLE: E a r t h  Denetrator 

T h i s  c a l c u l a t i o n  was run  t o  determine t h e  e f f e c t  o f  a c o l l i s i o n  w i t h  a 
t r e e  t r u n k  on t h e  t r a j e c t o r y  o f  an E a r t h  penet ra to r .  The o r i g i n a l  c a l c u l a -  
t i o n ,  which took  f o u r  CPU hours on a Cray, modeled t h e  t r e e  t r u n k  w i t h  an 
e l a s t o - p l a s t i c  m a t e r i a l  and t h e  p e n e t r a t o r  was e l a s t i c .  We replaced t h e  
e l a s t i c  m a t e r i a l  model w i t h  t h e  r i g i d - b o d y  m a t e r i a l  and reduced t h e  c o s t  t o  
s i x  CPU minutes. The l a r g e  r e d u c t i o n  i n  cos t  r e s u l t e d  no t  o n l y  f rom t h e  l a r g e  
r e d u c t i o n  i n  t h e  number o f  c o n s t i t u t i v e  eva lua t ions ,  b u t  a l s o  f rom t h e  Courant 
s t a b i l i t y  l i m i t .  I n  t h e  o r i g i n a l  c a l c u l a t i o n ,  s t a b i l i t y  was determined by a 
smal l  element i n  t h e  p r o j e c t i l e ,  b u t  w i t h  t h e  r i g i d - b o d y  p r o j e c t i l e ,  s t a b i l i t y  
was determined by t h e  comparat ive ly  coarse zoning o f  t h e  t r e e  t r u n k .  
r e s u l t s  o f  t h e  two c a l c u l a t i o n s  agreed almost e x a c t l y .  

The 

EXAMPLE: Cy1 i nder i m p a c t  

T h i s  t e s t  was run  severa l  years  ago by Sandia Nat iona l  Labora tor ies .  A 
s t e e l  c y l i n d e r  was gr ipped " r i g i d l y "  a t  bo th  ends by an apparatus t h a t  slammed 
i t  i n t o  a s t e e l  r a i l  a t  a v e l o c i t y  o f  1676cm/sec. The number o f  i n t e r e s t  i s  
t h e  depth o f  t h e  dent i n  t h e  s i d e  o f  t h e  c y l i n d e r ,  which i s  known t o  be 3.64cm 
f rom t h e  experiment. T h i s  problem was one of t h e  f i r s t  successes f o r  DYNA3D. 
The o r i g i n a l  c a l c u l a t i o n  used an e l a s t o - p l a s t i c  model f o r  t h e  c y l i n d e r .  An 
ext remely dense, e l a s t i c  m a t e r i a l  was used f o r  t h e  two r i n g s  r e p r e s e n t i n g  t h e  
apparatus g r i p p i n g  t h e  ends o f  t h e  c y l i n d e r .  Both t h e  c y l i n d e r  and r i n g s  were 
modeled w i t h  s o l i d  elements. 
o r i g i n a l  model, which p r e d i c t s  a dent 3.886cm i n  depth. The cos t  o f  t h e  
a n a l y s i s  drops t o  t h i r t y - o n e  minutes i f  t h e  r i n g s  a r e  made i n t o  r i g i d  bodies,  
b u t  t h e  dent i s  o n l y  3.048 cm. 
n e a r l y  as s t i f f  as everyone had assumed. We r e c e n t l y  ran  t h e  problem modeled 

F i f t y - f i v e  CPU minutes a r e  r e q u i r e d  f o r  t h e  

Our conc lus ion  i s  t h a t  t h e  apparatus was n o t  
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w i t h  s h e l l  elements, and i t  took o n l y  s i x t e e n  minutes:  however t h e  deformat ion 
was t o o  la rge .  

INTERACTIVE REZONING 

I n t e r a c t i v e  rezon ing  has been a v a i l a b l e  f o r  severa l  years  i n  DYNAZD and 
Rezoning a l l o w s  t h e  user  t o  e l i m i n a t e  o r  smooth 

T h i s  increases t h e  
was r e c e n t l y  added t o  NIKE2D. 
s e c t i o n s  o f  a mesh w i t h  t h i n  o r  h i g h l y  d i s t o r t e d  elements. 
computat ional  e f f i c i e n c y  o f  t h e  programs by a l l o w i n g  a l a r g e r  t i m e  s tep  i n  
DYNA2D and by improv ing  t h e  convergence r a t e  i n  NIKE2D. 

T h i s  NIKE2D example shows a t h i c k - w a l l e d  cup being formed by back e x t r u -  
s ion .  The mesh was rezoned severa l  t imes d u r i n g  t h e  a n a l y s i s .  Only a few 
minutes o f  CPU was requ i red .  
hours because o f  t h e  low speed o f  t h e  forming process. 

The same a n a l y s i s  w i t h  DYNA2D would t a k e  severa l  

ITERATIVE SOLUTION OF EOUATIONS 

One area i n  which we a r e  c u r r e n t l y  s u p p o r t i n g  research i s  t h e  i t e r a t i v e  
The cos t  o f  f a c t o r i n g  a cube w i t h  N s o l u t i o n  o f  l i n e a r  a l g e b r a i c  equat ions.  

elements on each edge i s  p r o p o r t i o n a l  t o  N . An i t e r a t i v e  s o l u t i o n  method 
i s  f a s t e r  than a d i r e c t  s o l u t i o n  f o r  even f a i r l y  smal l  problems o f  t h i s  
type.  
1.08 minutes o f  CPU w h i l e  t h e  i t e r a t i v e  s o l u t i o n  takes .53 minutes.  Wi th  
twenty - four  elements on an edge, t h e  d i r e c t  s o l u t i o n  takes 3380 seconds f o r  t h e  
46875 equat ions as compared t o  t h e  125 seconds f o r  t h e  i t e r a t i v e  method. 

7 

For example, w i t h  e i g h t  elements on an edge, a d i r e c t  s o l u t i o n  takes  

Improvements t o  t h e  element-by-element p r e c o n d i t i o n e r ,  developed by 
Hughes, f o r  t h e  conjugate g r a d i e n t  method a r e  be ing  developed (Robert  Ferencz, 
Lawrence L ivermore Nat iona l  Laboratory ,  unpubl ished data) .  The major  d i f f i -  
c u l t y  w i t h  i t e r a t i v e  methods i s  t h e i r  l a c k  o f  robustness -- problems t h a t  have 
a wide range o f  e igenvalues, caused, f o r  example, by s t r u c t u r a l  elements o r  a 
p e n a l t y  contac t  a lgor i thm,  converge s l o w l y  ( i f  a t  a l l )  w i t h  these methods. 
The goal of t h i s  research i s  t h e  development o f  a p r e c o n d i t i o n e r  t h a t  w i l l  
improve t h e  robustness o f  t h e  c o n j u g a t e  g r a d i e n t  method. 

I n  t h i s  example, a bar  h i t t i n g  a r i g i d  w a l l  i s  modeled w i t h  2700 s o l i d  
elements and two p lanes o f  symmetry, g i v i n g  9196 equat ions.  
r e q u i r e s  a l i t t l e  over  2.5 m i l l i o n  words o f  storage, w h i l e  t h e  i t e r a t i v e  
method r e q u i r e s  1.7 m i l l i o n  words. The s o l u t i o n  cos t  w i t h  t h e  d i r e c t  method 
r e q u i r e d  2249 seconds on t h e  Cray XMP w i t h  18 seconds o f  1/0 t o  t h e  s o l i d  
s t a t e  d i s k .  
requ i red .  
seconds o f  CPU and so lved t h e  problem w i t h o u t  u s i n g  t h e  d isk .  

The d i r e c t  method 

Wi th a s tandard d i s k ,  almost 1800 seconds o f  1/0 would be 
I n  c o n t r a s t ,  t h e  element-by-element method r e q u i r e d  o n l y  654 

Al though t h e  range of e igenvalues f o r  t h i s  problem i s  n o t  as l a r g e  as 
f o r  a problem w i t h  beam elements, t h e  problem i s  e l a s t o p l a s t i c .  T h i s  problem 
demonstrates t h a t  i t e r a t i v e  s o l u t i o n  methods a r e  improv ing i n  robustness. As 
i t e r a t i v e  s o l u t i o n  methods improve and l a r g e r  computers become a v a i l a b l e ,  many 
problems t h a t  would now be s o l  ved u s i n g  exp l  i c i  t f i n i  t e - e l  ement programs o u t  
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o f  necess i ty  w i l l  be so lved more e f f i c i e n t l y  by i m p l i c i t  programs i n  t h e  
f u t u r e .  

FRACTURE AND FAILURE - - ~ -  

Another area o f  research f o r  us i s  f r a c t u r e .  L a s t  year  we implemented a 
t i e - b r e a k i n g  s l i d e l i n e  i n  our v e r s i o n  o f  NIKE2D based on m o d i f i c a t i o n s  t o  t h e  
program a t  South Caro l ina .  The program was used t o  s tudy t h e  fo rmat ion  o f  
c h i p s  i n  machining processes. We have a l s o  i n s t a l l e d  nodal c o n s t r a i n t s  based 
on t h e  same ideas i n  DYNA3D t o  study t h e  p e t a l l i n g  o f  sheet metal  as p r o j e c -  
t i l e s  p e n e t r a t e  i t . I n  bo th  cases, p l a s t i c  s t r a i n  i s  t h e  f r a c t u r e  c r i t e r i o n .  
A smeared crack f r a c t u r e  model i s  a l s o  a v a i l a b l e  i n  DYNA3D. An element f a i l s  
when t h e  maximum p r i n c i p a l  s t resses  exceed a s p e c i f i e d  f r a c t u r e  s t r e s s  w i t h  
t h i s  model. Our work i n  t h i s  area i s  very p r e l i m i n a r y ;  we have concentrated 
more on t h e  methods o f  implement ing f a i l u r e  c r i t e r i a  e f f i c i e n t l y  r a t h e r  than a 
s o p h i s t i c a t e d  f r a c t u r e  c r i t e r i a .  As we ga in  exper ience and exper imenta l  
r e s u l t s ,  we hope t o  improve t h e  f r a c t u r e  c r i t e r i a .  

The computat ional  overhead assoc ia ted  w i t h  t h e  f a i l u r e  models i s  smal l .  
The smeared crack m a t e r i a l  model i s  o n l y  about twenty percent  more expensive 
than our  s tandard e l a s t o - p l a s t i c  m a t e r i a l  model, and t h e  t i e - b r e a k i n g  nodal 
c o n s t r a i n t s  a r e  complete ly  vec tor ized .  

sphere w i t h  a v e l o c i t y  o f  6000in/sec. 
w i t h  t h e  o n l y  goal o f  t h e  problem t o  see whether o r  n o t  p e t a l l i n g  would occur. 
We p l a n  t o  run  b e t t e r  c a l c u l a t i o n s  i n  t h e  f u t u r e  and compare them t o  e x p e r i -  
mental r e s u l t s .  

A s t e e l  p l a t e ,  .1 inches t h i c k ,  i s  s t r u c k  by a 3 i n c h  d iameter  r i g i d  
The da ta  were chosen r a t h e r  a r b i t r a r i l y ,  

CONCLUSIONS 

Given t h e  i n c r e a s i n g  s i z e  and speed of computers and t h e  i n c r e a s i n g  e f f i -  
c iency  and robustness o f  f i n i  t e - e l  ement a1 g o r i  thms, we b e l  i eve t h a t  problems 
regarded by most as imposs ib le  today w i l l  be poss ib le ,  i f  expensive,  tomorrow. 
On t h e  Cray-2, which i s  t h e  technology of today, a m u l t i - t a s k e d  v e r s i o n  o f  
DYNA3D c o u l d  s o l v e  problems w i t h  more than a m i l l i o n  zones and t e n  thousand 
t i m e  steps i n  l e s s  than t e n  hours. 
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Figure 1. Finite-element model o f  Suzuki s led  t e s t .  

F igure  2. Close-up view o f  the  f in i te -e lement  mesh. 
The mesh contains 1600 she l l  elements. 
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F i g u r e  3. Cross s e c t i o n  o f  frame member. A l l  dimensions a r e  i n  
m i  1 1 i meters. 

1 Oms 

ZOms 

30ms 

F i g u r e  4. Deformed shapes a t  10 ms outpu t  i n t e r v a l s .  
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( a )  I n i t i a l  c o n f i g u r a t i o n  o f  c y l i n d e r .  

( b )  Close-up view showing cross sec t ion :  
One q u a r t e r  o f  t h e  c y l i n d e r  and mass 
were model ed w i t h  symmetric boundary 
c o n d i t i o n s .  

F i g u r e  5. A x i a l  b u c k l i n g  o f  c y l i n d e r .  
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F i g u r e  6. Deformed cross s e c t i o n s  a t  5 and 10 ms. 

F i g u r e  7. E a r t h  penet ra to r .  



5 = 2.0 ms t = 0.0 ms t = 1.0 ms 

t = 3.0 mr t = 4.0 mr 

F i g u r e  8. Cyl inder  impact. 

F i g u r e  9. Sequence o f  deformed shapes 
i n  p i p e  wip ana lys is .  
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F i g u r e  10. Rotated view of f i n a l  
con f  i g u r a t i o n .  

F i g u r e  11. Deformed c ross  s e c t i o n .  

F i g u r e  12. Close-up o f  deformed cross s e c t i o n .  
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